To shed light on the organization of the rostral embryonic brain of a lower vertebrate, we have directly compared the expression patterns of dlx, fgf, hh, hlx, otx, pax, POU, winged helix and wnt gene family members in the fore-and midbrain of the zebra®sh. We show that the analyzed genes are expressed in distinct transverse and longitudinal domains and share expression boundaries at stereotypic positions within the fore-and midbrain. Some of these shared expression boundaries coincide with morphological landmarks like the pathways of primary axon tracts. We identi®ed a series of eight transverse diencephalic domains suggestive of neuromeric subdivisions within the rostral brain. In addition, we identi®ed four molecularly distinct longitudinal subdivisions and provide evidence for a strong bending of the longitudinal rostral brain axis at the cephalic¯exure. Our data suggest a strong conservation of early forebrain organization between lower and higher vertebrates. q
Introduction
In recent years, it has been ®rmly established that development of the vertebrate hindbrain involves the transient formation of a series of segmental units termed rhombomeres. The rhombomeres have distinct anatomical cytoarchitectures (Lumsden and Keynes, 1989; Trevarrow et al., 1990) and are molecularly characterized by the segmentally restricted expression patterns of a variety of regulatory genes including the Hox genes (Krumlauf, 1994) . Hox gene expression in these rhombomeres is found in overlapping domains with precise anterior limits at different interrhombomeric boundaries. The different combinations of Hox gene expression are thought to play a crucial role in speci®cation of the individual identity of each rhombomere.
In contrast to the segmented vertebrate hindbrain the organizational principles of the rostral brain are far more controversial (Guthrie, 1995) . According to a model developed by Herrick and Kuhlenbeck, the different parts of the brain are subdivided into longitudinal neuronal columns which represent histogenic compartments and are separated by ventricular sulci (reviewed by Kuhlenbeck, 1973; Puelles et al., 1987; Puelles and Rubenstein, 1993; Northcutt, 1995) . Although this columnar model had been most widely accepted throughout this century there were also several proposals suggesting the existence of transverse segmental subdivisions of the vertebrate forebrain (reviewed by Vaage, 1969; Northcutt, 1995) . More recently such neuromeric concepts of forebrain organization received support by the analysis of gene expression patterns, the identi®ca-tion of clonal restriction boundaries, the observation of reduced permeability properties at interneuromeric boundaries, the distribution of the earliest acetylcholinesterase positive neurons and the pathways of ®ber tracts in the rostral brain (Puelles et al., 1987; Bulfone et al., 1993; Figdor and Stern, 1993; Martõ Ânez et al., 1993; Shimamura et al., 1995 Shimamura et al., , 1997 . Based upon these studies it has been proposed that the forebrain of mouse and chicken embryos is subdivided in a segmentlike fashion into transverse neuromeric domains analogous to the rhombomeres in the hindbrain (Puelles et al., 1987; Bulfone et al., 1993; Figdor and Stern, 1993; Puelles and Rubenstein, 1993; .
In spite of the numerous studies concerning a neuromeric subdivision of the forebrain of higher vertebrates, considerably less effort was undertaken to study this issue in lower Mechanisms of Development 91 (2000) 105±118 vertebrates. In the zebra®sh, very recent data on proliferation patterns in the postembryonic brain supported a segmental organization only for the posterior forebrain but not for the more rostral hypothalamus and telencephalon . Studies of zebra®sh homeobox and other putative regulatory genes indicated that some of these genes have distinct patterns of expression in the embryonic fore-and midbrain. However, most of the previous studies were insuf®cient to evaluate the precise spatial relationships between the forebrain expression domains of different genes. Therefore, it remains to date largely unclear whether or how these expression patterns relate to putative neuromeric subdivisions in the fore-and midbrain (Li et al., 1994) . Actually, a pioneering study evaluating the organization of the rostral zebra®sh brain on the basis of gene expression patterns concluded that the dorsoanterior forebrain is organized in radial domains (Macdonald et al., 1994) .
To investigate the question whether a neuromeric concept could also be applied to the embryonic zebra®sh forebrain, we directly compared the forebrain expression patterns of the axial (Stra Èhle et al., 1993) , dlx-2 (Akimenko et al., 1994) , fgf-8 (Fu Èrthauer et al., 1997) , f-spondin (Higashijima et al., 1997), hlx-1 , otx2 (Li et al., 1994; Mori et al., 1994; Mercier et al., 1995) , pax-6.1 (pax-a) (Krauss et al., 1991; Pu Èschel et al., 1992) , pax-2.1 (pax-b) (Krauss et al., 1991) , shh (Krauss et al., 1993) , wnt-1 (Molven et al., 1991) , wnt-d (Krauss et al., 1992) and zp-50 (Hauptmann and Gerster, 1996) genes in pharyngula stage zebra®sh embryos by two-color in situ hybridization Gerster, 1994, 2000) . A series of transverse gene expression domains was identi®ed partitioning the entire anteroposterior extent of the diencephalon into eight molecularly distinct transverse forebrain areas. In addition, four major longitudinal subdivisions could be distinguished which are likely to correspond to a rostral continuation of the roof, alar, basal and¯oor plates of the spinal cord. This analysis also showed that the rostral brain axis is bent at the cephalic¯exure, so that the rostral surface of the brain is displaced ventrally. Based on these observations we suggest the existence of molecularly distinct transverse and longitudinal subdivisions in the embryonic rostral zebra®sh brain. These subdivisions are compatible with recently proposed models of forebrain segmentation in mouse and chicken (Puelles et al., 1987; Figdor and Stern, 1993; Puelles and Rubenstein, 1993) and therefore suggest a strong conservation of early forebrain organization between lower and higher vertebrates.
Results

Ventral bending of the rostral brain during development distorts the longitudinal axis
The knowledge of the exact course of the longitudinal brain axis is a prerequisite to de®ne transverse and longitudinal subdivisions in the embryonic zebra®sh forebrain. However, the rostral neural tube undergoes complex distortions during morphogenesis so that the original rostrocaudal axis is not evident in the adult brain. To overcome this problem we used longitudinal gene expression domains as molecular landmarks to follow the trajectory of the rostral brain axis throughout early development.
During early somitogenesis stages the anterior neural tube is relatively straight. This is re¯ected by the longitudinal gene expression domains of the dlx-2 (Akimenko et al., 1994) , shh (Krauss et al., 1993) and zp-50 (Hauptmann and Gerster, 1996) genes. The dlx-2 gene is expressed in two longitudinal domains in the telencephalon and rostral diencephalon, respectively (Akimenko et al., 1994) . During early somitogenesis, the shh and zp-50 genes are expressed in overlapping areas along the prospective ventral fore-and midbrain (Hauptmann and Gerster, 1996) .
Initially, the expression domains of these genes extend more or less parallel to the general rostrocaudal axis of the embryo (Fig. 1A ,C,G). However, as development proceeds shh expression rostral to the cephalic¯exure as well as the two dlx-2 domains are increasingly bent ventrally (Fig.  1B,D,F) . Therefore, by 48 hpf, longitudinal shh expression is kinked by approximately 908 and the dlx-2 forebrain domains are now oriented orthogonally with respect to shh expression in more posterior brain parts (Fig. 1F) . Thus, the rostrocaudal axis of these forebrain domains has been rotated by about 908 with respect to its orientation at the beginning of somitogenesis.
Similarly, forebrain expression of the zp-50 gene, although more complex, also follows the ventral bending of the longitudinal axis during development. During somitogenesis the contiguous longitudinal zp-50 domain splits into several cell clusters (Fig. 1G,H) . As the cephalic¯exure appears, a slight curving of the arrangement of the split zp-50 expression domain is observed. In correspondence with the bending of the shh and dlx-2 domains (Fig. 1B,D,F ) the split zp-50 expression domain is bent ventrally rostral to the cephalic¯exure (Fig. 1H) .
The ventral curving of the longitudinal expression domains of the dlx-2, shh and zp-50 genes strongly suggest that both the telencephalon and the hypothalamus are increasingly bent ventrally during the ®rst 2 days of zebra®sh development. We conclude that the originally straight rostral brain axis is bent ventrally and the rostral surface of the brain is displaced by about 908 to a ventral location.
This conclusion is also supported by morphological observations. The position of the optic recess moves more and more ventrally (Fig. 1B,D,F) . The initially straight¯oor plate, recognized morphologically by the shape of its cells and molecularly by the expression of shh mRNA, makes a hairpin bend of almost 1808 around the cephalic¯exure at 48 hpf (Fig. 1F) . The pathways of longitudinally projecting axon bundles curve ventrally in the rostral brain (Fig. 1E , and Ross et al., 1992) . Consistently, telencephalic dlx-2 Fig. 1 . Longitudinal forebrain expression domains of the dlx-2, shh and zp-50 genes reveal a kinked trajectory of the rostral brain axis. Whole-mount embryos were hybridized with antisense RNA probes to the genes indicated in the individual panels. The embryo in (E) was also immunolabeled with an antibody against acetylated a-tubulin to visualize primary axon tracts. Lateral views are shown with rostral to the left. In (A±F,H) the skin, eyes and yolk have been removed for better visibility. (A) shh expression (purple) in the brain along the general rostrocaudal axis of the embryo at 17 somites. A white arrow indicates the course of the rostrocaudal brain axis. (C) Longitudinal dlx-2 expression (red) in the telencephalon and diencephalon of a 17 somite embryo. (B,D,F) Time course of dlx-2 (red) and shh (purple) expression in the rostral brains of 26, 34 and 50 hpf embryos. A kinked white arrow indicates the changes in the course of the longitudinal rostral brain axis. An arrowhead in (F) marks the hairpin bend of the¯oor plate and its rostral end. (E) Correlation of dlx-2 (red) expression with the pathways of longitudinal axon tracts (purple) in the rostral brain at 34 hpf. The telencephalic and diencephalic dlx-2 domains (red) extend parallel to the longitudinal tac and tpoc (purple). The anterior limits of these dlx-2 domains are found close to the sites of the ac and poc. (G,H) Expression of zp-50 (purple) in the rostral brain at 10 somites and 26 hpf. The black arrowheads in (G) indicate longitudinal zp-50 expression (purple) along the ventrorostral brain rudiment. This domain is split into several domains during somitogenesis. Arrowheads in (H) indicate the lineup of these expression domains at 26 hpf which is bent around the site of the cephalic¯exure. ac, anterior commissure; cf, cephalic¯exure; d, diencephalon; f, forebrain; fp,¯oor plate; hy, hypothalamus; m, midbrain; or, optic recess; poc, postoptic commissure; som, somite stage; t, telencephalon; tac, tract of the anterior commissure; tpoc, tract of the postoptic commissure.
expression extends in parallel to the longitudinal tract of the anterior commissure (TAC), whereas the diencephalic dlx-2 domain runs in parallel to the tract of the postoptic commissure (TPOC) (Fig. 1E ).
Dorsoventrally restricted regulatory gene expression domains reveal longitudinal subdivisions in the rostral embryonic zebra®sh brain
The knowledge of the course of the rostral brain axis provides the basis to ®t patterns of gene expression into longitudinal and transverse domains. Expression domains oriented parallel to the de®ned bent brain axis are considered as longitudinal domains. Since the dlx-2 and shh genes are expressed in such dorsoventrally restricted domains, they may mark molecularly distinct longitudinal subdivisions within the forebrain. Following this idea, longitudinal expression of these and additional genes was analyzed in the fore-and midbrain in order to identify such subdivisions.
The dlx-2 (Akimenko et al., 1994) , pax-6.1 (Krauss et al., 1991; Pu Èschel et al., 1992) and otx-2 (Li et al., 1994; Mori et al., 1994; Mercier et al., 1995) genes are widely expressed in dorsal parts of the fore-and midbrain. Direct comparison of pax-6.1 and otx-2 expression demonstrates that the two genes possess overlapping expression domains in the posterior diencephalon ( Fig. 2A) . More rostrally, ventral thalamic pax-6.1 expression overlaps with longitudinal dlx-2 expression in the diencephalon (Fig. 2B ). Together, these overlapping expression domains span the entire anteroposterior extent of the di-and mesencephalon. Importantly, considering the kink in the rostral brain axis, these domains share similar ventral expression limits. These results suggest that combined dorsal expression of dlx-2, pax-6.1 and otx-2 may de®ne a dorsal longitudinal subdivision in the rostral brain. The ventral border of this putative longitudinal subdivision is then outlined by the similar ventral limits of the expression domains of these genes.
The homeobox gene axial (Stra Èhle et al., 1993) and the shh (Krauss et al., 1993) gene are expressed in overlapping domains in the ventral part of the fore-and midbrain (Fig.  2C) . Along the region of coexpression both genes share similar dorsal limits in expression. Strikingly, the dorsal limit of shh and axial expression is just below the ventral border of otx-2 expression in the posterior diencephalon and midbrain tectum (Fig. 2D,E) . Cross-sections clearly show the abutting expression domains of otx-2 and axial (Fig.  2F ,G) or shh (data not shown). Only in the anteriormost dorsal thalamus, there is an extension of the shh and axial domains into more dorsal regions (Fig. 2C ). This dorsal de¯ection constitutes a transverse aspect of shh and axial expression and is described in the following section.
Also expression of the pax-6.1 gene is located precisely dorsally to shh and axial expression (Fig. 2H,I ). Dorsal thalamic and pretectal pax-6.1 expression is separated from tegmental axial and shh expression just by a few cell diameters. In addition, a small separate group of pretectal pax-6.1 expressing cells is located close to but not overlapping with the dorsolateral edge of the shh and axial domains (Fig. 2K ). These pax-6.1-positive cells are located close to the nucleus of the medial longitudinal fascicle (Macdonald et al., 1994) . In the ventral thalamus pax-6.1 expression precisely abuts the axial expression site (Fig. 2I ). shh expression anterior to the dorsal de¯ection extends more dorsally but does not overlap with the ventral thalamic pax-6.1 (Fig. 2L ) and with the longitudinal diencephalic dlx-2 (Fig. 2M,N) domains. Whereas shh is expressed in medial regions of the rostral brain, dlx-2 and pax-6.1 expression are located more laterally (Fig. 2L,M) .
These two-color in situ hybridization analyses clearly demonstrate that the dlx-2, pax-6.1 and otx-2 expression sites are con®ned to dorsal parts of the rostral brain and abut the ventrally located longitudinal axial and shh expression domains. These ®ndings support a subdivision of the di-and mesencephalon into a major dorsal brain territory de®ned by combined dlx-2, pax-6.1 and otx-2 expression and a broad ventral area de®ned by the axial and shh expression domains. We assume that these two longitudinal brain territories correspond to the alar and basal plates of the embryonic di-and mesencephalon, respectively. The trajectory of the alar/basal boundary in the fore-and midbrain would thus be outlined by the dorsal limits of shh and axial expression and the ventral borders of the dlx-2, pax-6.1 and otx-2 domains.
The¯oor plate constitutes the ventralmost longitudinal subdivision of the spinal cord and hindbrain. In pharyngula stage zebra®sh embryos, the rostral end of the¯oor plate can be recognized by the shape of its cells and by the expression of the¯oor plate marker gene f-spondin (Higashijima et al., 1997), which is located in the forebrain just anterior to the cephalic¯exure (Fig. 2J) . Consistently, alsō oor plate expression of shh and axial stops anteriorly at the same position ( Fig. 2D,E) . However, besides expression in dorsal parts of the fore-and midbrain, the zebra®sh otx-2 gene is found to be expressed in the ventral¯oor of the rostral brain (Li et al., 1994) . Two-color in situ hybridization demonstrates that f-spondin¯oor plate expression is extended anteriorly by otx-2 expression along the ventral midline of the hypothalamus (Fig. 2J) . Thus, otx-2 expression may delineate a rostral continuation of the ventralmost longitudinal subdivision of the CNS which is de®ned in more posterior brain parts by f-spondin, shh and axial expression. These data support the idea that a¯oor platelike region extends up to the anterior end of the zebra®sh brain (Hatta et al., 1994) .
Expression of the zebra®sh wnt-1, wnt-d and fgf-8 genes (Molven et al., 1991; Krauss et al., 1992; Fu Èrthauer et al., 1997) along the dorsal midline of the rostral brain may de®ne the dorsalmost longitudinal subdivision of the rostral brain. The zebra®sh wnt-1 and wnt-d (data not shown) genes are expressed along the roof plate of the rostral brain up to the level of the epiphysis (Fig. 2O , and Krauss et al., 1992) . This putative longitudinal brain subdivision is traced further (red) and otx-2 (purple); the arrowheads mark the similar ventral limits in expression along the ventral thalamus, posterior diencephalon and the midbrain tectum. (B) pax-6.1 (red) and dlx-2 (purple); arrowheads mark the similar ventral expression limits of longitudinal dlx-2 and pax-6.1 expression in the rostral diencephalon. (C) shh (red) and axial (purple); the two genes share similar dorsal limits in expression (arrowheads). An asterisk marks the dorsal extension in the axial and shh expression domains. (D) shh (red) and otx-2 (purple); (E) axial (red) and otx-2 (purple); (F,G) otx-2 (red) and axial (purple); cross-sections through the diencephalon at the level of the epiphysis (F) and through the midbrain (G); (H) pax-6.1 (red) and shh (purple); (I) pax-6.1 (red) and axial (purple). Black arrowheads in (D±I) indicate the dorsoventral expression borders between the respective genes. Black arrows point to the rostral limits of shh (D) or axial (E) expression in the¯oor plate. A white arrowhead in (F) marks otx-2 expression in the midline¯oor of the hypothalamus. (J) f-spondin (red) and otx-2 (purple); a black arrow marks the junction between f-spondin expression in the¯oor plate and otx-2 expression along the midline¯oor of the hypothalamus (white arrowheads). (K,L) pax-6.1 (red) and shh (purple); cross-sections through the pretectum (K) and dorsal thalamus/ventral thalamus (L). Arrowheads mark the border between pax-6.1 expression in the pretectum and tegmental shh expression. (M,N) shh (red) and dlx-2 (purple); cross-sections through the ventral thalamus (M) and postoptic diencephalon (N). In the ventral thalamic area dlx-2 (purple) is expressed laterally and shh (red) medially. Arrowheads in (N) mark the expression border between the two genes in the postoptic area. (O) fgf-8 and wnt-1 (both purple); wnt-1 is expressed in the roof plate of the midbrain and posterior diencephalon up to the level of the epiphysis. Arrows mark fgf-8 expression in the midline roof of the telencephalon. cf, cephalic exure; d, diencephalon; dt, dorsal thalamus; e, eye; ep, epiphysis; fp,¯oor plate; hy, hypothalamus; i, isthmus; m, midbrain; or, optic recess; os, optic stalk; pt, pretectum; rp, roof plate; t, telencephalon; tc, tectum; tg, tegmentum; vt, ventral thalamus.
anteriorly along the dorsal midline of the telencephalon by expression of the fgf-8 gene (Fig. 2O ).
Regulatory gene expression domains de®ne a series of transverse subdivisions in the rostral brain
Expression in the rostral brain of many putative regulatory genes is con®ned to distinct positions along the rostrocaudal axis. The expression domains of these genes often display sharp anterior and posterior boundaries which may be diagnostic for transverse subdivisions in the rostral brain. To test this possibility we directly compared the fore-and midbrain expression domains of the pax-2.1 (Krauss et al., 1991) , pax-6.1 (Krauss et al., 1991; Pu Èschel et al., 1992) , hlx-1 , shh (Krauss et al., 1993) , dlx-2 (Akimenko et al., 1994) and zp-50 (Hauptmann and Gerster, 1996) genes with respect to their relative positions along the anteroposterior axis.
The zebra®sh POU domain gene zp-50 is expressed in spatially restricted domains in the fore-and midbrain of the embryonic zebra®sh (Hauptmann and Gerster, 1996) . Strikingly, at 34 hpf zp-50 expression is found in an alternating pattern in the rostral diencephalon (Fig. 3A) . Hypothalamic zp-50 expression is con®ned to three transverse domains which are separated by zp-50-negative areas of similar widths. The transverse domains de®ned by the alternating zp-50-positive and zp-50-negative areas are numbered 1±6 from anterior to posterior to facilitate the following description. We refer to them as d1±d6 (for diencephalic transverse domains 1±6).
Similarly to zp-50, the zebra®sh shh gene (Krauss et al., 1993) is expressed in ventral parts of the fore-and midbrain (Fig. 3B) . The anteriormost shh expression is con®ned to a strong expression domain in the postoptic diencephalon. This domain is posteriorly adjoined by a region in which shh is expressed only at reduced levels. Two-color in situ hybridization shows that the anteriormost zp-50 expression domain overlaps with shh expression in the postoptic area (Fig. 3B) . It subdivides this region into an anterior part where shh and zp-50 are coexpressed (d1) and into a posterior part expressing only shh (d2). The other two hypothalamic zp-50 domains (d3 and d5) are located just anterior and posterior to the area of reduced shh expression (compare Fig. 3A,B) .
The zebra®sh dlx-2 gene is expressed in two longitudinal domains in the telencephalon and diencephalon, respectively (Akimenko et al., 1994) . Perpendicularly to these domains, an additional band of dlx-2 expressing cells extends ventrally through the hypothalamus (Fig. 3C ). Similarly to two of the hypothalamic zp-50 domains (d3 and d5), transverse dlx-2 expression is located in the region where expression of the shh gene is reduced (Fig. 3I) . Strikingly, this dlx-2 expression domain is located precisely in between the two zp-50 domains (Fig. 3C,D) . Thus, the area of reduced shh expression encompasses three transverse domains de®ned by expression of the zp-50 and dlx-2 genes (d3, d4 and d5).
The homeobox gene hlx-1 ) is expressed in sharply delineated domains in the rostral zebra®sh brain. One of these domains extends from the ventral thalamus towards the cephalic¯exure (Fig. 3F ). This hlx-1 domain is separated by a gap of several cell diameters from the more rostrally located transverse dlx-2 domain (d4) (Fig. 3G) but directly neighbors the posteriormost hypothalamic zp-50 domain (d5) (Fig. 3E,F) . Thus, the transverse dlx-2 and zp-50 domains are posteriorly adjoined by a sixth domain de®ned by hlx-1 expression. The position of this transverse domain (d6) is con®rmed by a transverse de¯ection in shh expression. The anterior limit of the widespread shh-positive area around the cephalic¯exure coincides precisely with the anterior boundary of ventral thalamic hlx-1 expression (Fig. 3H) .
This two-color in situ hybridization analysis identi®ed a series of transverse gene expression domains in the rostral diencephalon. All the described expression domains are oriented parallel to each other and extend orthogonally to the bent longitudinal brain axis (as described above). These results indicate that the hypothalamus and ventral thalamus may be subdivided into six molecularly distinct transverse domains (d1±d6) during early brain morphogenesis.
More posteriorly, expression domains of the zebra®sh pax-6.1 and hlx-1 genes indicate the existence of additional transverse subdivisions (referred to as d7 and d8) in the brain. At 34 hpf, the pax-6.1 gene is expressed in sharply restricted domains in the forebrain (Krauss et al., 1991; Pu Èschel et al., 1992; Macdonald et al., 1994) . In the diencephalon, pax-6.1 expression is split into two distinct large domains which are separated by a small gap of cells not expressing pax-6.1 (Fig. 4A) . The anterior pax-6.1 domain is located in the ventral thalamus while the posterior domain of pax-6.1 expression covers the area of the dorsal thalamus and the pretectum. Similarly to pax-6.1, the hlx-1 gene is expressed in restricted domains in the ventral thalamus, dorsal thalamus and the pretectum (Fig. 4C,D) .
In the ventral thalamus, pax-6.1 expression extends more anteriorly than hlx-1 expression (Fig. 4C,D) up to the posterior border of the transverse dlx-2 domain (d4) (Fig.  4B) . Thus, pax-6.1 expression con®rms the border between domains d4 and d5 and spans two transverse regions (d5 and d6). In contrast, the ventral thalamic pax-6.1 and hlx-1 domains share the same posterior limit in expression (Fig.  4C,D) . This shared expression border possibly marks the position of the boundary between the ventral and dorsal thalamus. hlx-1 expression extends more ventrally than pax-6.1 and outlines the ventral course of this putative transverse boundary ending at the cephalic¯exure. Notably, also the posterior limit of longitudinal dlx-2 expression coincides exactly with the posterior limits of hlx-1 (Fig. 3G ) and pax-6.1 (Fig. 4B ) expression in the ventral thalamus. Thus, dlx-2 expression corroborates the position of a transverse boundary between the ventral and dorsal thalamus. Moreover, the (C,D) dlx-2 (red) and zp-50 (purple); transverse dlx-2 expression (4) ®ts exactly in between two zp-50 domains (3 and 5). (E,F) hlx-1 (red) and zp-50 (purple); the hypothalamic zp-50 domains (1, 3 and 5) are adjoined posteriorly by expression of the hlx-1 (red) gene (6). In a close-up of an oblique side view (E) white arrows indicate the border between domains (5) and (6). (G) dlx-2 (purple) and hlx-1 (red); there is a gap between the transverse dlx-2 (4) and hlx-1 (6) domains. The posterior limit of longitudinal dlx-2 expression coincides with the posterior limit of hlx-1 domain (6) (arrowhead). (H) hlx-1 (red) and shh (purple); the transverse hlx-1 expression domain (6) outlines the area where shh expression exhibits its greatest dorsoventral extent. (I) dlx-2 (red) and shh (purple); the transverse hypothalamic dlx-2 domain (4) is located in an area where shh expression is reduced. The posterior limit of longitudinal dlx-2 expression coincides with the dorsal de¯ection of shh expression (arrowhead). ce, cerebellum; cf, cephalic¯exure; dt, dorsal thalamus; hy, hypothalamus; m, midbrain; pt, pretectum; t, telencephalon; tc, tectum; tg, tegmentum; vt, ventral thalamus; 1±6, diencephalic transverse domains d1±d6. dorsal de¯ection in shh (and axial) expression precisely delineates this boundary (Fig. 3I) .
Expression of hlx-1 and pax-6.1 in the dorsal thalamus is separated from ventral thalamic expression by a narrow region where neither of the two genes can be detected. This gap in expression of both genes may de®ne a boundary zone in the anterior dorsal thalamus which may correspond to the region of the murine forebrain which will develop into the zona limitans intrathalamica. The posterior pax-6.1 expression domain covers both the dorsal thalamic and the pretectal region. A transverse subdivision within this pax-6.1 domain is indicated by notches located in the middle of the otherwise straight dorsal and ventral expression borders (Fig. 4A) . The posterior limit of dorsal thalamic hlx-1 expression is located at the same anteroposterior level as these notches and thus also indicates a putative boundary at this position (Fig. 4D) . In addition, a minor hlx-1 expression domain in the dorsal pretectum stops anteriorly precisely at the location of the dorsal notch in pax-6.1 expression (Fig. 4D) . The de®ned transverse boundary Fig. 4 . Transverse regulatory gene expression domains subdivide the posterior diencephalon and midbrain. Whole-mount embryos of 20 hpf (G) or 32±36 hpf (A±F) were hybridized with antisense RNA probes to the genes indicated in the individual panels. Whole-mounted brains are shown as lateral (A±D,G) or dorsal (E,F) views with anterior to the left. The skin, eyes and yolk have been removed. (A) pax-2.1 (red) and pax-6.1 (purple); their expression domains de®ne sharply delineated transverse brain areas. Arrows indicate a subdivision into a dorsal thalamic and a pretectal pax-6.1 domain. (B) pax-6.1 (red) and dlx-2 (purple); the posterior limit of diencephalic dlx-2 expression coincides with the posterior limit of pax-6.1 expression in the ventral thalamus (arrow). White arrowheads indicate the rostral limit of ventral thalamic pax-6.1 expression which is just posterior to the transverse dlx-2 domain (4). (C±E) pax-6.1 (red) and hlx-1 (purple); expression domains of the two genes identify a series of four transverse subdivisions (5±8) in the diencephalon. In the close-up (D) a white asterisk marks a broader transverse boundary zone which corresponds to the mid-diencephalic boundary (Macdonald et al., 1994) . A black arrow marks the border between the dorsal thalamic and pretectal domains. Arrowheads in (E) indicate the border between the pretectum (d8) and midbrain. (F) otx-2 (red) and pax-2.1 (purple); the caudal border of otx-2 expression coincides with pax-2.1 expression in the isthmic region (arrowheads). (G) pax-2.1 (red) and zp-50 (purple); zp-50 is expressed complementary to the isthmic pax-2.1 domain (white arrowheads). ce, cerebellum; cf, cephalic¯exure; dt, dorsal thalamus; hy, hypothalamus; i, isthmus; m, midbrain; os, optic stalk; pt, pretectum; t, telencephalon; tc, tectum; tg, tegmentum; vt, ventral thalamus; 5±8, diencephalic transverse domains d5±d8.
possibly marks the border between the dorsal thalamic and the pretectal primordia (or d7 and d8).
The sharp posterior border of pretectal pax-6.1 expression may outline the position of another transverse boundary, the border between the fore-and midbrain. This border is kinked in the middle and is oriented in its ventral portion exactly parallel to the more posteriorly located isthmic pax-2.1 expression domain (Fig. 4A) . The putative forebrain/ midbrain boundary is also respected by the narrow hlx-1 expression domains in the dorsal and ventral pretectum. The pretectal hlx-1 domains stop posteriorly precisely at the pax-6.1 expression border (Fig. 4C,D) . In addition, longitudinal stripes (out of focus in Fig. 4D ) of hlx-1 expression extend anteriorly through the midbrain up to this putative transverse boundary (Fig. 4E) .
pax-2.1 expression in the rostral brain is restricted at 34 hpf to the isthmus and the optic stalks (Krauss et al., 1991; Fig. 4A) . Optic stalk expression of pax-2.1 extends into the postoptic diencephalon corresponding to the rostralmost transverse area d1. The pax-2.1 domain in the isthmic region is delineated by sharp boundaries oriented orthogonally to the longitudinal brain axis and may thus highlight another distinct transverse subdivision or boundary of the rostral brain. In support of this, expression domains of hlx-1 along the lateral midbrain (data not shown) and zp-50 in the posterior midbrain tegmentum abut isthmic pax-2.1 expression (Fig. 4G ). More strikingly, the caudal limit of mesencephalic otx-2 expression coincides with the rostral and lateral borders of isthmic pax-2.1 (and wnt-1) expression (Fig. 4F) . In chicken embryos, it has been shown that the caudal limit of Otx2 separates mesencephalic from isthmocerebellar territories and thus may demarcate the position of an interneuromeric boundary, the midbrain/ hindbrain boundary (Millet et al., 1996) .
Discussion
The longitudinal axis of the embryonic zebra®sh forebrain
Several ideas exist regarding the trajectory of the longitudinal rostral brain axis in vertebrates (reviewed in Puelles and Rubenstein, 1993) . The data presented in this study strongly indicate that the rostral zebra®sh brain is increasingly bent ventrally during brain morphogenesis by kinking the longitudinal axis at the level of the cephalic¯exure. This interpretation corroborates previous studies on longitudinal nk2.2 gene expression (Barth and Wilson, 1995) and on the trajectories of primary axon tracts (Ross et al., 1992) . The longitudinal domain of zebra®sh nk2.2 gene expression is kinked exactly at the level of the cephalic¯exure (Barth and Wilson, 1995) , and the longitudinal tract of the postoptic commissure is bent ventrally at the same position (Ross et al., 1992;  Fig. 1E ).
The bending of the rostrocaudal axis of the zebra®sh forebrain has several consequences on the relative arrangement and topology of the different brain parts (see Fig.  6A ,B). In accordance with Ross et al. (1992) we suppose that during the second day of embryogenesis morphogenetic distortions move the telencephalon from an initially dorsal position more anteriorly. Concomitantly, the rostrocaudal alignment of the hypothalamus and thalamus is changed secondarily to a ventrodorsal order. As a result of these topological changes the original rostral surface of the brain is moved downward to an apparently ventral position by the third day of embryogenesis (Ross et al., 1992) . These conclusions on the morphology of the rostral embryonic zebra®sh brain are in full accordance with, and thereby support, the proposals of the prosomeric model based on the analysis of the chicken and mouse forebrain (Puelles et al., 1987; Puelles and Rubenstein, 1993; . This agreement emphasizes the importance of the prosomeric model as a tool to understand the morphogenesis of the forebrain also of evolutionarily distant vertebrates . The conclusions drawn for the chicken and mouse forebrains together with the ®ndings in the zebra®sh contradict the previously dominating view that the diencephalon is subdivided longitudinally into four neuronal columns separated by ventricular sulci (Herrick, 1933; Kuhlenbeck, 1973) . According to that columnar model the sulci between the epithalamus, dorsal thalamus, ventral thalamus, and hypothalamus would constitute longitudinal subdivisions of the diencephalon. However, we, and similarly , argue in accordance with the prosomeric model that the boundaries between the dorsal thalamus, ventral thalamus and hypothalamus must be considered as transverse subdivisions since they are oriented orthogonal to the kinked brain axis of the embryonic zebra®sh. The designations as`dorsal' and`ventral' thalamus are thus misleading, as these regions have originally been formed along the anteroposterior axis. In addition, the classical view that the telencephalon is the rostralmost brain part is challenged. Our observations of the development of the zebra®sh forebrain between early somitogenesis and 2 dpf strengthen the hypothesis that the telencephalon is a dorsal structure (Ross et al., 1992; Puelles and Rubenstein, 1993; Smith Fernandez et al., 1998) .
Longitudinal organization of the rostral zebra®sh brain
It is generally accepted that the spinal cord can be subdivided into four principal longitudinal areas. The roof and oor plates are located at the dorsal and ventral midlines of the neural tube. In between are the basal plate positioned in the ventral part of the neural tube and the alar plate located in its dorsal part. However, there is considerable disagreement regarding the proposed trajectory of these longitudinal subdivisions into the forebrain (reviewed by Shimamura et al., 1995) .
Our data on molecularly distinct longitudinal subdivi-sions in the fore-and midbrain imply several notions about the longitudinal organization of the rostral zebra®sh brain (see Fig. 6C ). Our data suggest that the roof plate is continued rostrally through the midline roof of the telencephalon up to the rostral surface of the brain (Shimamura et al., 1995) . In addition, our analysis supports the idea that ā oor plate-like region extends through the median¯oor of the hypothalamus ending anteriorly somewhat below the postoptic commissure (Hatta et al., 1994; Shimamura et al., 1995) . Moreover, we molecularly identi®ed two prominent longitudinal brain territories spanning the dorsal part and the ventral part of the di-and mesencephalon, respectively. In the midbrain, the boundary between these two longitudinal brain areas separates the tectum from the tegmentum. This boundary extends rostrally below the primordia of the pretectum, dorsal thalamus and ventral thalamus to the area of the optic stalks. This trajectory correlates very well with the distribution of nk2.2 gene expression along the rostral brain (Barth and Wilson, 1995) , which is thought to approximate the alar/basal boundary of the fore-and midbrain (Puelles, 1995) . Thus, we propose in analogy to the subdivisions of the hindbrain and spinal cord that the identi®ed boundary corresponds to the alar/basal boundary of the rostral zebra®sh brain. Since this putative alar/basal boundary parallels the bending of the rostrocaudal brain axis from early somitogenesis stages on, the rostral end of the zebra®sh brain may be located in the retrochiasmatic area (Ross et al., 1992; Barth and Wilson, 1995) .
This proposed trajectory of the alar/basal boundary provides clues about the anterior extent of the alar and basal plates. Accordingly, both the alar and the basal plate would extend up to the rostral end of the zebra®sh brain. Since we conceive the telencephalon as being located dorsal to this boundary, it should be completely alar in nature. In contrast, part of the hypothalamus must belong to the basal plate. This interpretation is in contrast to earlier concepts of the vertebrate brain that described the hypothalamus as being completely basal and extended the basal plate even into the telencephalon (ganglionic eminences) (reviewed in Puelles et al., 1987; Shimamura et al., 1995) . Our conclusions contradict also models in which the entire forebrain is exclusively derived from the alar plate (reviewed in Puelles et al., 1987; Shimamura et al., 1995) . On the other hand, our conclusions are in full accord with the prosomeric model of the murine forebrain which localizes the rostral limit of the alar/basal boundary to the region of the optic chiasm Shimamura et al., 1995) .
Transverse subdivisions and forebrain segmentation
Relatively little is known about the morphogenesis of the embryonic and larval zebra®sh forebrain. Therefore, in the absence of easily recognizable morphological landmarks the subdivision of the early rostral diencephalon into transverse domains used to be highly indeterminate. However, we identi®ed a series of transverse gene expression domains partitioning the entire anteroposterior extent of the diencephalon of the embryonic zebra®sh into eight molecularly distinct transverse brain territories (Fig. 5) . We refer to these transverse diencephalic areas as d1±d8, from anterior to posterior (Figs. 5 and 6D ). In the hypothalamus and the ventral thalamus, there are six transverse areas which are de®ned from anterior to posterior by the expression of: zp-50/shh±shh±zp-50±dlx-2±zp-50±hlx-1/shh. In the posterior diencephalon, we identi®ed another two molecularly distinct transverse areas, which include the primordia of the epithalamus/dorsal thalamus and pretectum, respectively.
Another study of zebra®sh forebrain regionalization based on gene expression patterns reached somewhat different conclusions (Macdonald et al., 1994) . The authors postulated the existence of radial domains which seem to emanate dorsal to the cephalic¯exure from a position near the epiphysis. This difference in interpretation may result from the fact that we explicitly take the course of the longitudinal axis into account which is kinked at the level of the cephalic¯exure. This allows the borders of radial domains ible. ce, cerebellum; dt, dorsal thalamus; ep, epiphysis; h, hindbrain; hy, hypothalamus; i, isthmus; os, optic stalk; pt, pretectum; t, telencephalon; tc, tectum; tg, tegmentum; vt, ventral thalamus; 1±8, diencephalic transverse subdivisions d1±d8; *, see legend to Fig. 6. to be perceived as being of transversal or longitudinal nature. Therefore, these radial domains may be considered as a combination of transversal and longitudinal components which are easily ®tted into our model of transverse and longitudinal subdivisions, as demonstrated here for several genes (Fig. 5) . In this sense, expression domains which are oriented orthogonally to the kinked longitudinal brain axis such as those of the zp-50, dlx-2 and hlx-1 genes in the hypothalamus and the ventral thalamus are described as being transversal while expression domains oriented parallel to the rostral brain axis such as wnt-1 expression along the roof plate are considered as being longitudinal.
The subdivision into a grid of transverse and longitudinal domains is also supported by the primary scaffold of axon tracts present in the 1-day-old rostral zebra®sh brain (Chitnis and Kuwada, 1990; Wilson et al., 1990; Ross et al., 1992) . Considering the bending of the forebrain, it is evident that the primary axon tracts are organized orthogonally to each other. The dorsoventrally projecting tracts (supraoptic tract, dorsoventral diencephalic tract, tract of the posterior commissure) extend parallel to the transverse subdivisions whereas the rostrocaudally projecting tracts (tac, tpoc) run in parallel to the longitudinal subdivisions. Moreover, it has been shown that some of these axon tracts project in close proximity to gene expression borders which we show here to be diagnostic for the proposed subdivisions (Krauss et al., 1991; Wilson et al., 1993; Macdonald et al., 1994; Barth and Wilson, 1995; Shimamura et al., 1995; Hauptmann and Gerster, 1996) . For instance, the tract of the posterior commissure is established just one to two cell diameters away from the posterior pax-6.1 expression boundary and approximates the pretectal/ midbrain border (Macdonald et al., 1994) , while the supraoptic tract is found adjacent to the hypothalamic zp-50 domain of d3 (Hauptmann and Gerster, 1996) .
The hypothesis about subdivisions of the embryonic zebra®sh fore-and midbrain into transverse domains de®es the predictions of the columnar model (Kuhlenbeck, 1973) . Conversely, our ®nding of a series of discrete transverse domains along the rostrocaudal axis of the zebra®sh diencephalon is consistent with a segmental model of forebrain organization. In the last few years, two new models of vertebrate forebrain segmentation were proposed for the chicken and the mouse, in which different numbers of forebrain neuromeres (prosomeres) were recognized. In the prosomeric model of Puelles and Rubenstein (1993) six prosomeres are hypothesized to subdivide the prosencephalon , whereas Figdor and Stern (1993) distinguished four neuromeres in the chicken diencephalon. The inconsistency in the numbers of transverse domains does not necessarily re¯ect a true difference between different species. In the zebra®sh, as well as in the mouse and the chicken, compatible transverse subdivisions and boundaries can be recognized. For example, transverse domains d7 and d8 in the zebra®sh are likely to correspond to p2 and p1 in the mouse or to D2 and D3/D4 in the chicken, respectively. Within the hypothalamus the comparison is more dif®cult since helpful morphological markers are not readily apparent in early embryonic stages. However, comparison of the expression patterns of orthologous genes in the different species may provide some positional cues. For instance, the basal extension of murine Dlx-2 expression in p5 of the mouse forebrain, may correlate with the transverse domain d4 of zebra®sh dlx-2. In addition, rostralmost expression of murine Shh was assigned by to p6, which may correspond to zebra®sh shh expression in d1 and d2. These comparisons There are four major longitudinal subdivisions in the rostral zebra®sh brain which correspond to a rostral continuation of the roof plate (green), alar plate (red), basal plate (blue) and¯oor plate (purple). All four subdivisions extend to the rostral limit of the prosencephalon. Dorsal de¯ections of basal plate marker genes (e.g. shh, axial) may indicate a dorsal expansion of the basal plate at the border between the dorsal thalamus and ventral thalamus (asterisk). The optic recess (or) marks the border between the telencephalon and the diencephalon. (D) Putative longitudinal and transverse subdivisions of the 34 hpf zebra®sh fore-and midbrain. The diencephalon is subdivided by transverse molecularly distinct domains which are numbered from rostral to caudal 1± 8. An asterisk marks a broad boundary zone between the ventral thalamus and dorsal thalamus. This boundary zone may correspond to the zona limitans intrathalamica of the murine forebrain. Black lines indicate the boundaries of the subdivisions as deduced by our gene expression analysis. The six rostral subdivisions enclose the hypothalamus and ventral thalamus. The alar parts of subdivisions 7 and 8 correspond to the epithalamus/dorsal thalamus (dt) and the pretectum (pt), respectively. The midbrain (tc 1 tg) is separated by the midbrain/hindbrain boundary from isthmocerebellar territories. The longitudinal subdivisions are as indicated in (C). a/b, alar/ basal boundary; ap, alar plate; bp, basal plate; ce, cerebellum; dt, dorsal thalamus; ep, epiphysis; fp,¯oor plate; h, hindbrain; hy, hypothalamus; i, isthmus; m, midbrain; or, optic recess; pt, pretectum; rp, roof plate; t, telencephalon; tc, tectum; tg, tegmentum; vt, ventral thalamus; 1±8, diencephalic transverse subdivisions d1±d8.
would suggest that d1 and d2 correspond together to p6, d3 and d4 to p5, d5 to p4 and d6 to p3. However, these conclusions are tentative and must await further corroboration by additional molecular or morphological data.
Interestingly, two recent reports based on neuronal proliferation of the postembryonic zebra®sh brain provided some morphological evidence for a subdivision of the 5 dpf forebrain in terms of the prosomeric model . These studies concluded that three prosomeres (p3, p2 and p1) can be recognized rostral to the mesencephalon. It is likely that the posterior subdivisions d6, d7 and d8 identi®ed by gene expression patterns at 34 hpf correlate with these prosomeres of the postembryonic forebrain. In the telencephalon and the hypothalamus, it was more dif®cult to establish an equally good match of proliferation zones and suspected rostral prosomeres . However, analysis of gene expression patterns also at these postembryonic stages may help to solve this problem.
Both Puelles and Rubenstein (1993) and Figdor and Stern (1993) describe these transverse forebrain domains as segments. However, there is considerable debate over the exact nature of segmentation in the forebrain of higher vertebrates (Guthrie, 1995) . At this stage of the analysis we lack enough data for the rostral zebra®sh brain that would allow us to draw the ®rm conclusion that all of the molecularly identi®ed transverse domains correspond to true neuromeric segments. For example, some of the gene expression domains may indicate neuronal differentiation patterns or subregionally restricted identities within a putative neuromere analogous to the rhombomere center and border regions in the zebra®sh hindbrain (Trevarrow et al., 1990) . As in the case of the hindbrain rhombomeres diverse experimental approaches will be required to elucidate this question (Lumsden and Keynes, 1989) . Whether the identi®ed transverse subdivisions conform to a certain de®nition of the term segment is an important issue. Regardless of this, it is important to recognize the possibility that the rostral brains of evolutionary distantly related vertebrates such as ®sh and mammals are basically similarly organized in a grid of transverse and longitudinal subdivisions. Moreover, it is likely that corresponding transverse and longitudinal subdivisions (as those described above) occupy homologous brain territories in the different vertebrate species. Therefore, the patterning of the rostral brain by corresponding sets of subdivisions may constitute a conserved feature of vertebrate forebrain evolution.
In the future, a major task will be to test for the developmental signi®cance of these subdivisions. A straightforward approach is the mutational analysis of genes involved in generation of the forebrain. For this purpose, the zebra®sh is particularly suited since genetic screens can be performed in this vertebrate model system with relative ease (Driever et al., 1997) . The analysis of forebrain mutants will allow the determination of whether phenotypical defects in the rostral brain can be correlated with putative transverse and longitudinal subdivisions. For instance, a respeci®cation, expansion, or deletion of a speci®c brain area may correlate with speci®c subsets of subdivisions or with a deletion of a putative transverse boundary. Such an analysis will reveal whether the subdivisions determined by gene expression domains also constitute units of developmental gene function.
Experimental procedures
Fish stocks and maintenance
Fish stocks were kept and embryos were collected essentially as described by Wester®eld (1995) . Ages are given in hours post fertilization (hpf) based on standard developmental stages at 28.58C (Kimmel et al., 1995) . Wildtype ®sh strains were obtained from West Aquarium (Bad Lauterburg, Germany). Weakly pigmented embryos homozygous for the golden and sparse mutations and heterozygous for the albino mutation were bred by Dr. S.L. Johnson and kindly donated by Drs. H. Kataoka and F. Rosa. Embryos from these ®sh were used for in situ hybridizations of stages older than 30 hpf.
In situ hybridization
To compare expression domains of different genes in single embryos we applied a two-color whole-mount in situ hybridization procedure based on differently labeled RNA probes (¯uorescein-UTP and digoxigenin-UTP) and subsequent visualization of transcripts in red and purple with Fast Red and BCIP/NBT Gerster, 1994, 2000) . RNA probes were prepared either from full length or the longest available cDNAs of the zebra®sh axial (Stra Èhle et al., 1993) , dlx-2 (Akimenko et al., 1994) , fgf8 (Fu Èrthauer et al., 1997) , f-spondin (Higashijima et al., 1997), hlx-1 , pax-6.1 (Pu Èschel et al., 1992) , pax-2.1 (Krauss et al., 1991) , shh (Krauss et al., 1993) , wnt-1 (Molven et al., 1991) , wnt-d (Krauss et al., 1992) and otx2 (Li et al., 1994) genes. RNA probes speci®c for the zp-50 gene were prepared from a BglII/AccI cDNA subclone as described (Hauptmann and Gerster, 1996) . After whole-mount in situ hybridization some of the stained embryos were cryosectioned using standard procedures.
Immunohistochemistry
To compare gene expression patterns with the positions of primary axon tracts, in situ hybridization was combined with immunohistochemistry using a monoclonal antibody against acetylated a-tubulin (Sigma) (Piperno and Fuller, 1985) . Experiments were performed as described (Hauptmann and Gerster, 1996) . Transcripts and axon tracts were either visualized in red with Fast Red (Boehringer) or in purple with BCIP/NBT (Boehringer). Stained embryos were photo-graphed under differential interference contrast optics in a Zeiss axiophot microscope. For better visibility, usually the yolk and eyes were manually removed from the embryos.
